Abstract-In this study, the effect of the biomass particle size on hydrothermal liquefaction in both batch and continuous systems is investigated. Batch and continuous hydrothermal liquefaction was done using sweet sorghum bagasse as feed across a range of particle sizes (+0 to -850µm) at a constant biomass loading (1 wt.%), temperature (280°C) and residence time (20 min). Overall is was found that particle size did not have any significant influence on the product yield or quality. The biochar and bio-oil fraction from the continuous HTL system were found to have lower yields than the batch counterparts however, the quality of these products were superior compared to the batch system. The continuously produced biochar had a quality similar to lignite coal, while the batch produced biochar quality was inferior to that of peat. The true significance of this result is that the continuously produced biochar were produced at a maximum temperature of 215°C and had a calorific value of 30.8 MJ/kg.
I. INTRODUCTION
The ever increasing energy demand requires that a large portion of the fossil-based fuels be replaced with green energy supplies [1] . Bio-based fuels are an alternative resource that can be used to address the energy crises and mitigate the environmental impacts associated with fossil-based fuels as bio-based fuels are carbon neutral resources [2] [3] [4] [5] . For bio-based fuels and products to be economically feasible, continuous conversion of biomass to bio-based products is required [6, 7] .
Thermochemical conversion of biomass to bio-based products involves elevated temperatures and/or pressures processes such as carbonization, gasification, liquefaction and pyrolysis [8, 9] . Thermochemical conversion routes are promising because they are more accommodating towards variations in the biomass feedstock and produce a greater range of bio-based products [8] .
Liquefaction as thermochemical conversion process is of particular interest as biomass undergo liquefaction at low temperatures and high pressures to produce primarily liquid bio-based products and fuels [10] . The biomass is converted in the presence of a solvent where large molecules are decomposed into smaller unstable molecules that re-polymerize to form bio-oil and biochar [9] . Hydrothermal liquefaction (HTL) uses water as a solvent at temperatures and pressures of 280-370 C and 100-250 bar respectively. Water is still in a liquid state at these conditions [11] . As water is a reactant in the HTL of biomass, there is no need for the energy intensive pre-drying step of the biomass which result in a more energy efficiency process [11, 12] .
Several complex products form during HTL which can be grouped together according to their phase into bio-char, biogas, bio-oil and an aqueous phase. The aqueous phase fraction contains water soluble components such as sugars, alcohols, ketones and aldehydes. [11, 13] .
Various biomass types can be utilized for the HTL process as all of the compounds that are present in the biomass take part in the thermochemical conversion process. The main components that are present in biomass feeds are carbohydrates, lignin, proteins and lipids [11] . The fractions of each of these components determine the quality and the yield of the bio-oil product.
The basic reaction mechanism can be summarized in three steps. The first step is described as the de-polymerization of the biomass feed slurry. The second step is the decomposition of biomass monomers by cleavage, dehydration, decarboxylisation and deamination while the final step is the recombination of the reactive fragments [11] .
The vast majority of literature covering HTL, describes small scale batch reactor systems, [14] but there have been recent development in the field with regards to continuous flow HTL systems. Jazrawi et al. [7] describes a continuous system that investigated the effect of biomass loadings, temperatures, residence time and pressures on the continuous HTL of two microalgae strains. He et al. [15] investigated the use of organic co-solvents during continuous HTL of macroalgae as means of in situ fractionation of the biocrude products. Prapaiwatcharapan et al. [6] investigated the effect of operating conditions on the yield and characteristics of the biocrude that is obtained in a semi-continuous system through single-step and two-step sequential HTL using microalgae as feedstock. Pedersen et al. [16] investigated glycerol-assisted HTL of aspen wood in the presence of a homogenous catalyst with a water-phase recirculation at supercritical water conditions. In this study the focus was on the effect of biomass particle size on the yield and quality of the HTL products in both batch and continuous HTL systems.
II. MATERIALS AND METHODS
The biomass that was used during this study is sweet sorghum bagasse that was obtained from the ARC-Grain Crops Sorghum Breeding Program that was harvested during June 2016 in Potchefstroom, South Africa (26°43'44.14"S 27° 4'53.44"E). The sweet sorghum used are F1 crosses that are being advanced to F2 populations. A mixture of the following pedigrees was used: ET15/UGA RIL97, ET15/UGA RIL251 and ET15/UGA RIL372.
The sweet sorghum bagasse was sun dried before undergoing initial size reduction with a hammer mill. The bagasse was split into various size fractions using a square root of 2 series of sieves (106µm -850µm). The oversize bagasse underwent final size reduction in a ball min operating at 50rpm.
In both the batch and continuous reactor systems a 1wt% slurry was prepared of the various bagasse particle sizes using reverse osmosis (RO) water. The batch reactor, 950mL, as represented in Fig. 1 was filled with 500mL of the bagasse slurry. An inert atmosphere was created by purging the batch reactor with nitrogen. The batch reactor was filled with nitrogen up to 30Bar and then purged to 5Bar. The purging step was repeated 3 times.
The continuously stirred batch reactor was heated using an external heating jacket at a rate of 4.1±0.1°C/min until the internal temperature reached 280°C. The bagasse slurry was kept at 280°C for 20min where after it was cooled down to room temperature.
During continuous hydrothermal liquefaction, Fig 2, the feed tanks were loaded with 50L of the 1wt% bagasse slurry and pressurised to 60Bar. The hot oil plant was used to first increase the liquefaction reactor's temperature to 280°C, over a time period of 2 hours. The liquefaction reactor was not designed to handle thermal shocks and thus, the temperature had to be slowly increased. After the liquefaction reactor reached the desired temperature, the preheater was heated to the temperature of the hot oil, i.e. 320°C.
Once the system reached steady state the flow through the liquefaction reactor was initiated. The flow through the reactor was achieved through a difference in pressure between the feed tanks and product tanks. The pressure difference was caused by continuously depressurising the product tanks, while the feed tank pressure was kept constant through continuously filling the feed tanks with make-up nitrogen. The flow through the liquefaction reactor was kept constant at 60L/hr by periodically adjusting the make-up nitrogen inflow. The resulting residence time in the liquefaction reactor was 20min. The liquefaction products exited the reactor and was cooled down to 22°C by a heat exchanger before entering the product tanks.
The gas phase was analysed using gas chromatography, where after the contents of both the batch and continuous system was extracted. The batch reactor was rinsed with 15mL of propan-2-ol to recover all bio-oil from the reactor. The HTL product mixture was filtered using 43µm filter paper and a Buchner funnel and filter press (5Bar) for the batch and continuous systems respectively to remove the solid biochar from the mixture. To determine the yield of the biochar, the filter paper was weighed before the filtering process began and after the biochar was left to dry on the filter paper in a fume cabinet for 3 days.
In order to separate the liquid HTL products, solvents are used to aid in the separation of the aqueous phase and bio-oil mixture as the aqueous phase contain water soluble organics that need to be extracted in order to calculate an accurate bio-oil yield. Organic solvents such as dichloromethane, chloroform, acetone, tetrahydrofuran or hexane can be used to separate the bio-oil and aqueous phase. [13] . Hexane was used in this study to aid in the separation.
150mL of hexane was added to the batch products of approximately of 500mL while 450mL of hexane was added to the continuous products of approximately 2L. The bio-oil-aqueous mixture was left to settle for 20min in a separation funnel and thereafter the aqueous phase was tapped from the bottom of the funnel. The extraction process was repeated three (3) times. The hexane was evaporated using a rotary evaporator leaving only the bio-oil fraction.
The aqueous phase underwent a solid phase extraction with an aminopropyl bonded silica cartridge to extract the polar compounds. The aminopropyl cartridge was first conditioned with RO water while applying a vacuum. 3mL of the aqueous phase was placed in the cartridge to filter through. The polar compounds were adsorbed onto the aminopropyl bonded silica. These polar compounds were eluted from the cartridge after absorption using 9mL methanol.
The following analysis was performed on the biochar: Elemental, proximate and calorific value. The bio-oil underwent elemental, and wet chemistry analysis for the determination of alcohols, ketones, aldehydes and ethers. The aqueous phases' polar compounds underwent a GC-MS analysis. The yield of both the biochar and bio-oil was determined using (1). 
III. RESULTS AND DISCUSSION

A. Batch and Continuous yield comparisons
The biochar and bio-oil yield results for both the batch and continuous systems are given in Table I . The majority of the batch data points fall within the error range indicating that particle size does not have a significant effect. The bio-oil obtained through the continuous flow reactor showed a significantly lower yield than in the batch reactor at the same particle size. He et al. [15] also observed a lower bio-oil yield in the continuous system than in the batch systems. The biochar yield was also significantly lower than batch yield due to extensive hydrolysis reactions. Jazrawi et al. [7] , Xu et al. [17] and Xu and Savage [18] reports that with high biomass loadings, the biochar yield increases. Table III -V, of the biochar it can be seen that particle size does not play a significant role in the quality of the biochar. The volatile content remained within the same order as the unprocessed sweet sorghum, while there was a significant increase in the fixed carbon content. The moisture and ash content of the biochar decreased. These results are reiterated in the elemental analysis as the percentage others (R) decreases. The proximate, elemental and calorific value analysis indicate that the sweet sorghum has significantly been upgraded to a better bio-energy source.
The Van Krevelen diagram in Fig. 4 shows that the biochar that is produced in the continuous flow reactor is far superior to the biochar produced in the batch reactor. The true significance of this result is that during the continuous run the biomass slurry only reached 215°C due to extensive fouling in the preheater. The quality of the batch biochar is inferior to that of peat, while the continuous biochar has the quality of coal that is classified between peat and lignite.
From the elemental analysis of the bio-oil fraction, the low carbon and hydrogen content with a high content of other elements, suggest that it is not bio-oil but rather extractives such as aldehydes, ketones, sugars, alcohols and ethers. These extractives did not have sufficient time in the reactor to decompose and re-polymerise into bio-oil. The calorific value of the batch bio-oil fraction could not be determined due to the low carbon content.
The quality of the continuous bio-oil fraction is slightly better that those of the batch systems. The rapid heating rate, ca. 90°C/min, in the preheater, that is comparable to that of fast pyrolysis and produces intermediate pyrolysis liquid products [19] . The bio-oil fraction produced from the +106; -150µm sweet sorghum particles is statistically regarded as an extreme outlier and disregarded from the interpretation of the results. The high percentage others in the elemental analysis of the bio-oil fraction and lower ash content in the biochar suggest that the ash content of the sweet sorghum reported to the bio-oil fraction.
During the gas chromatography with mass spectrometry analysis of the aqueous phase with the solid phase extraction the following compounds were found to remain in the aqueous phase after liquid-liquid extraction with hexane. These compounds are given in Table II. IV. CONCLUSION From all of the analysis of both the biochar and bio-oil fraction from batch HTL, it can be concluded that particle size does not any significant effect on the quality or yield of the HTL products. Both the biochar and bio-oil fraction that is obtained from the continuous HTL of sweet sorghum is of better quality than the batch counterparts. The true achievement and significance of this study is that biochar that was produced at a lower temperature (215°C) in a continuous HTL reactor is off far better quality than the batch HTL biochar that was produced at higher temperatures. To further increase the quality of the biochar and bio-oil fraction the residence time and temperature can be increased. This work is based on the research supported by the National Research Foundation. Any opinion, finding and conclusion or recommendation expressed in this material is that of the author(s) and the NRF does not accept any liability in this regard. 
